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Introduction  

The supporting information includes datasets for sulfur isotopes, gas composition, gas 
flux, and glass compositions from Turrialba volcano.  The gas data were collected 
between 2014-2015, and glass compositions are from ash deposits erupted in 1864-
1866 and 2014.  The supporting information also includes additional text, figures, and 
tables as referred to in the main text. 

 

S1. Sulfur Isotopes: Methods and Results 

  Plume samples were collected with bubblers [de Moor, et al., 2013b] 
containing 4N NaOH solution for analysis of S isotope compositions.  The 
bubblers were deployed for 8-12 hrs, with plume gas pulled through the bubbler 
by a small electric pump operated at ~1 L/min.  This method does not produce 
isotopic fractionation and plume sulfur from voluminously degassing volcanoes 
most likely represents the source composition [de Moor, et al., 2013b]. Barium 
sulfate was precipitated from the NaOH solutions after oxidation with H2O2 [de 
Moor, et al., 2013b].  Isotopic analysis was conducted on a Delta Plus XLThermo 
Finnigan Continuous Flow Isotope Ratio Mass Spectrometry using a Costech 
Elemental Analyzer coupled to the mass spectrometer via a Conflo II interface at 
the University of New Mexico.  Analytical errors of these measurements is ~ 0.2 
‰, and values are reported in Table S1 in standard per mil notation relative 
Canyon Diablo Troilite.  The same analytical methods and standards used in de 
Moor et al. (2013b) were used for the analyses of the Turrialba samples, which 
were first reported by de Moor et al. (2013a) and are reproduced in Table S1 for 
the readers’ convenience. The sample taken on 27/10/2013 is suspected to be 
affected by fractionation processes in the plume due to heavy rain (potentially 
causing removal of isotopically heavy sulfate) during the sampling period and is 
not considered in the reported average and standard deviation. 
 

S2. Multi-GAS Measurements 
 

The Turrialba Multi-GAS station operates four measurement cycles per day. During 
each cycle, signals from gas sensors were captured every 9 s from the data-logger 
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lasting 1800 s in total (200 measurements). A radio link operated automatic data transfer 
from the remote Multi-GAS to OVSICORI offices, where data were processed.  Multi-
GAS data analysis for volcano monitoring is often performed by an operator who visually 
locate the intervals among two gas timeseries (eg. CO2-SO2) in which the two signals 
exhibit high concentrations and good correlation. The slope of a simple regression line 
provides the molar ratio in that interval and the error (R2 and confidence level). This 
subjective identification of the best data interval for molar ratio calculation requires a 
certain amount of time by an operator and may represent a potential source of 
systematic bias and errors.  

Here, we developed a new approach for automatic analysis of Multi-GAS data based 
on the calculation of the best fit line among all the possible combinations of data 
intervals. Each interval w is characterized by n samples taken starting from the i-th 
sample of the time series. The initial interval of the analysis is given by the whole dataset 
(w200,1) that decreases by 1 sample at each step (n-1) until a set minimum interval. For 
each n-th interval, the starting sample i is shifted until i=200-w and molar ratios are 
calculated accordingly. For our analysis we calculated the best fit line on intervals with 
minimum n = 40 and  R2 > 0.6 and SO2 > 5 ppm, since sulfur dioxide is the best indicator 
for the presence/absence of magmatic gas in the atmosphere. With these settings, a 
maximum of 13,041 molar ratio can be calculated for each MultiGAS cycle. Average and 
standard deviation of the calculated molar ratios are taken as representative of each 
acquisition cycle.  We have investigated possible associations between wind direction 
and gas compositions measured at the Multi-GAS station (e.g. de Moor et al., 2016), 
based on weather station data from a permanent IMN station at the summit (see below) 
which would suggest multiple localized gas sources.  We have found no relationship 
between wind direction and gas composition, indicating that the Multi-GAS is truly 
measuring temporal variations in the bulk plume composition. 
 

S3. SO2 Flux Measurements 
 
The emission rate of SO2 from Turrialba is monitored by scanning UV spectrometer 

systems installed through the Network for the Observation of Volcanic and Atmospheric 
Change project (NOVAC; Galle et al., 2010; Conde et al., 2013).  These instruments are 
located about 2 km from the summit downwind of the volcano and scan continuously 
during daylight hours to measure the integrated absorption of UV light by SO2 in the 
plume.  Conde et al. (2013) optimized the data processing methods for the specific 
conditions of the NOVAC stations at Turrialba, which we follow in this study. 
Sulfur dioxide flux is estimated based on the integrated plume SO2 column amounts 
scans based on spectrum acquisitions of the sky in steps of 3.6°. Plume width and 
plume height are need to calculate flux, which are based on triangulation by the two 
stations or webcam images when triangulation cannot be made.  The wind speed and 
direction are also needed and are measured by a weather station located at the summit 
of the volcano (Conde et al., 2013). Scans are manually checked for scan completeness 
and daily average wind direction and speed is used from measurements between 6 am 
and 6 pm each day, unless the wind direction is more than 70° away from the scan axis, 
in which case a closer study of possible hours of measurement is done from the wind 
direction file.  Multiplication of the SO2 emission rates with gas mass ratios (calculated 
from measured molar ratios; section S2) with SO2 as the denominator result in 
estimations of the fluxes of CO2, H2S, and H2O. 
 To provide further ground truthing of the NOVAC scan data, we include 
comparison with mobile DOAS transects (Galle et al., 2002).  Vehicle-based DOAS 
transects conducted with vertically pointing telescopes were conducted along the road 
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between La Central and La Picada communities.  Transect data have minimal geometric 
errors compared to scanning data, which require knowledge of distance between the 
spectrometer and the plume to calculate plume width.  Vertically-pointing telescopes and 
transect configuration also reduce radiative transfer problems, because the plume is 
relatively close (<500m above the instrument) and because measurements were only 
conducted under good conditions with transparent and ash-free plumes.  As shown in 
Figure 2, the transect DOAS data are generally in good agreement with the scanning 
data from the NOVAC stations, giving confidence that the scanning data are reasonable 
estimates of the true gas flux from Turrialba, albeit with large errors.  We do 
acknowledge however that the NOVAC scanning data are probably prone to errors as 
large as 50% or more, though the benefit of high-frequency gas flux data and the clear 
variations observed with eruptive activity far outweigh the drawbacks involved with the 
large errors associated with these measurements.  We further note that scanning DOAS 
measurements of ash-rich plumes are problematic due to plume opacity to UV light and 
in-plume scattering. 
 

S4. Electron Microprobe measurements 
A tephra sample from the 1865 eruption was collected at the crater rim of Turrialba at 

an elevation of 3208 m at UTM E 197400 / N 1108766. Small tephra clasts were 
crushed, wet-sieved, and glass and mineral grains were hand-picked for analyses. The 
grains were mounted in epoxy, and polished to expose melt inclusions contained in the 
minerals and fresh matrix glass surfaces.  

Major element  (and S, Cl) concentrations of glasses, and major elements of 
minerals, were determined using GEOMAR's Jeol JXA 8200 electron microprobe, setting 
the acceleration voltage to 15 kV. Matrix and inclusion glasses were analyzed with a 
beam current of 10 nA, using a beam defocused to 10 μm in diameter. Sodium was 
analyzed first to minimize loss in response to migration. Counting time was 40 seconds 
for sulfur and chlorine, 30 s for potassium and manganese, and 20 s for all other 
elements. The instrument was calibrated and monitored with natural glasses VG-2 
(USNM 111240/52) and VGA-99 (USNM 113498). All glass analyses were normalized to 
100% volatile-free. For olivine, the beam diameter was focused to less than 1 μm at a 
current of 100 nA. Mg, Fe, Si, Al were counted for 20 s, Mn and Cr for 30 s, and Ca for 
60 s. Calibration was achieved using San Carlos reference olivine (USNM 111312/444). 
Pyroxenes were measured with a 1 μm beam of 20 nA, counting Ti and Cr for 30 s and 
all other elements for 20 s. Kakanui augite (USNM 122142) and chromium augite 
(NMNH 164905) were used as reference crystals. For plagioclase, the beam was set to 
20 nA and a diameter of less than 1 μm. Potassium was counted for 40 s and all other 
elements for 20 s. Plagioclase USNM 115900 served for calibration and analytical 
quality monitoring. 
 Glass analyses on Turrialba samples were also carried out using a Cameca 
SX100 electron microprobe at New Mexico Tech.  Samples were examined using 
backscattered-electron (BSE) imagery, and selected particles were quantitatively 
analyzed.  Care was taken, using backscattered electron imaging, to select the most 
microlite-free glass shards for analysis.  Elements analyzed include F, Na, Mg, Al, Si, P, 
S, Cl, K, Ca, Ti, Mn, and Fe.  An accelerating voltage of 15 kV, and probe current of 10 
nA were used.  To avoid Na migration, the beam was defocused to a diameter of 20μm.  
Peak count times of 20 seconds were used for all elements with the exception of Na (40 
sec.), F (100 sec.), Cl (40 sec.) and S (40 sec.).  Background counts were obtained 
using one half the times used for peak counts.   A range of standards were used for 
calibration, but in order to monitor analytical accuracy and precision, basaltic glass VG-
2(USNM 111240/52) was run as an unknown.  The results are as follows, reported in 
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weight percent, with the standard deviation (analytical precision) reported for each 
element:SiO2 50.14±0.59,  SO20.28± 0.01, TiO2 1.82± 0.06, Al2O3 14.01± 0.12, MgO 
6.84± 0.02, CaO 10.97± 0.10, MnO 0.21± 0.05, FeO 11.52± 0.14, Na2O 2.71± 0.07, K2O 
0.21± 0.01, F 0.11± 0.06, Cl 0.03± 0.01.  The mean determined values compare 
favorably to the certified composition of  VG-2, which can be found at the following URL 
<https://geoinfo.nmt.edu/labs/microprobe/standards/petrol.html> 
 
 
S5. Turrialba magma compositions 

 
With the aim to relate the time series of Turrialba's gas release to the magmas 

that the gases originate from, we here provide details on the pressure-temperature 
regime and the compositional evolution of the magmatic system, based on a melt 
inclusion suite of the 1865 eruption. These data were used to determine input 
parameters for the decompression degassing modeling, presuming that the magmatic 
conditions and the chemical range of the magmas erupted in 1865 are applicable to 
Turrialba's present-day degassing dynamics.  

Olivine-hosted melt inclusions were corrected for post-entrapment crystallization 
using petrolog 2.1.3 software (Danyushevsky 2001), Olivines have captured the most 
primitive melt compositions, containing basaltic inclusions with 47 wt.% SiO2 and up to 
7.3 wt.% MgO. They form two compositional groups: A low-TiO2-group, fed from a 
MORB-like source, and a high-TiO2-group, which carries an OIB-like signature. Evolving 
from the OIB-like component, pyroxene-hosted melt inclusions cover almost the entire 
compositional range except for the most mafic part, differentiating up to 66.5 wt.% SiO2 
and 1.6 wt.% MgO, while plagioclase-hosted melt inclusions range at the evolved end of 
the array, from trachyandesite to trachyte with SiO2 contents of 65.7 wt.% and MgO of 
1.1 wt.%. 

Pressure (P) – temperature (T) conditions of the reservoir and magmatic water 
contents were estimated using olivine-melt, pyroxene-melt and plagioclase-melt 
equilibria based on the models of Putirka (2008), pairing compositions of the melt 
inclusions with those of the respective host crystal. Equilibrium conditions of KD (Fe-
Mg)olv-liq of 0.3±0.33 are confirmed for N=46 olivine-hosted melt inclusions, incorporating 
the Fe2+/Fe3+ ratio obtained from the post-entrapment fractionation correction, water 
contents of 2.6 wt.% and an input pressure of 700 MPa (see next paragraphs). The 
majority of these melt inclusions (N=40, 87%) produce magmatic temperatures of 1077 - 
1153 °C with an average of 1114 °C, derived from equation 22 of Putirka (2008), which 
has a method-intrinsic standard error of estimation (SEE) of ±29 °C. The few (N=6) 
additional olivine-hosted melt inclusions range from 1027 to 1248 °C.  

All analyzed melt inclusions in plagioclase phenocrysts (N=8) fulfil the equilibrium 
condition of KD (An-Ab) = 0.1±0.05 for T<1050°C, at an input pressure of 100 MPa. They 
yield temperatures of 975–1045°C according to equation 24a of Putirka (2008), 
calculated simultaneously with the melt water concentrations in equation 25b, which 
gives 2.4–3.7 wt.% H2O. The SEE amounts to ±36 °C and ±1.1 wt.% H2O.  

The results of the plagioclase-melt hygrometry were used as water input values 
for the pyroxene thermobarometry, applying 2.6 wt.% H2O for melt inclusions with < 61 
wt.% SiO2, and 3.15 wt.% H2O for melt inclusions with > 61 wt.% SiO2; this splitting is 
analogous to the plagioclase-hosted melt inclusions. We processed 27 pairs of 
clinopyroxenes and melt inclusions contained therein, six matrix glasses measured 
adjacent to clinopyroxenes, and two melt inclusions hosted in an orthopyroxene. 
Chemical equilibrium was confirmed in two ways: (1) the mineral-melt Fe-Mg partition 
coefficient was checked using equation 35 of Putirka (2008), a temperature-

https://geoinfo.nmt.edu/labs/microprobe/standards/petrol.html
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compensated formula demanding KD (Fe-Mg)cpx-liq
eq = [MgOliq FeOcpx] / [MgOcpx FeOliq] to 

range within 0.28±0.08; and (2) the predicted DiHd – EnFs – CaTs portions were 
compared to the measured clinopyroxene components. One pair failed condition (1) and 
was thus not considered further for the PT constraints, while the KD (Fe-Mg)cpx-liq values 
of all other melt inclusion – host clinopyroxene pairs are between 0.22 and to 0.28, well 
within the required range. Allowing a tolerance of ±0.1, the observed relative DiHd, 
EnFs, and CaTs components agree with the predicted values, satisfying condition (2). 
The melt inclusion – clinopyroxene pairs reflect magmatic temperatures of 945-1061°C 
with an average of 1020°C, preferring eq. 33 of Putirka (2008) (SEE = ±45°C), and a 
pressure range between 62 and 735 MPa (corresponding to a depth of 2 to 26 km in the 
crust), giving an average of 500 MPa (18 km) according to eq. 31 (SEE = ±290 MPa). 
Matrix glass – clinopyroxene pairs largely overlap with the results of the melt inclusions 
(Fig. S3).  

To define a composition of the Turrialba magmatic system that the gases are 
sourced from, we selected two  representative melt inclusions as starting points for the 
decompression modeling. To account for both magma source components, represented 
by the two groups in the olivine-hosted melt inclusions, we selected one primitive melt 
inclusion of the low-TiO2 basaltic group (ID P2-70inc76) and one melt inclusion of the 
higher-TiO2 suite (ID P2-70inc123). The average of these two melt inclusions was then 
processed in the model. Input water concentrations were set to 3 wt.% in model 1 and to 
2.5 wt.% in model 2 as derived from the plagioclase-melt hygrometry, S was estimated 
to be representative at 2000 μg/g. Because no measurement results are available for 
CO2 in the melt inclusions, literature data were adopted from the 1963 eruption of the 
neighboring Irazú Volcano, which is geochemically similar with respect to major 
elements and S, including the phenomenon of higher-degree basaltic MORB-like melt 
mixed with a more evolved, lower-degree of melting OIB-like component (data from 
Sadofsky et al., 2008; Wehrmann et al., 2011). We used an average of Irazú's CO2/K2O 
(Wehrmann et al., 2011), and approximated Turrialba's melt inclusion CO2-
concentrations by scaling their measured K2O-contents with the ratio from Irazú, which 
gives a value of ~200 μg/g CO2. The input compositions for Model 1 and Model 2 are 
summarized in Table S2. 

 
S6. Deformation data 

 
IRZU and VTCA are two GPS sites located to the southwest of the Turrialba summit. 
VTCA is located at ~2km while IRZU is at more than 10 km from the active crater of 
Turrialba. The vertical time series of both IRZU and VTCA site have been processed 
with GAMIT/GLOBK software package (Herring 2006). From September 2012 to March 
2016, IRZU shows overall uplift of ~2 cm which correspond to a positive vertical velocity 
about 8mm/yr. VTCA has smaller temporal coverage, from October 2014 to March 2016, 
however its velocity is significantly greater than that measured at the more distal station, 
showing ~22mm/yr of uplift. The data suggests that magma has been continuously 
emplaced at depth during the whole study. 
 

S7. Field observations 
 
 Figure S3 shows examples of breccia bombs deposited in Turrialba’s central 
crater by the 29-30 October 2014 eruptions.  Deposits from these energetic eruptions 
are the only ones to contain these distinctive bombs, which have a highly indurated light 
colored matrix.  Later events also produced bombs, most of which showed evidence of 
thin surface alteration but without the intense extensive hydrothermal mineralization 
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found in matrices of the early bombs. The breccia bombs from the 29-30 October are 
dense and have low permeability due to strong silicification and clay alteration of matrix. 
Hydrothermal minerals include quartz, sericite, gypsum, pyrite, and native sulfur. These 
hydrothermal breccias are similar to those found in porphyry environments.  In these 
deposits post-mineralization phreatomagmatic breccia diatremes often cross-cut 
extensive zones of alteration and sulfide-sulfate mineralization, and can transport clasts 
vertically for >1 km (Silitoe, 2010). 
 The period prior to these eruptions was marked by low gas flux (Figure 2), which 
was most likely due to decreased permeability of degassing conduits by hydrothermal 
mineral precipitation.  Pressure built up below this hydrothermal seal, leading to 
energetic explosions that created new conduits through the sealed carapace, allowing 
extensive degassing and release of hydrothermal fluids during phase 4 ( Figure 2). 
 Figure S4 shows a photo of an ash sequence deposited by the 1864-1866 
eruptions (and precursory phreatic events) at a location 2.1 km southwest of the active 
crater.  At the same location, the 2010-present eruptions have deposited < 1 cm of ash.  
If the 1864-1866 eruption is a reasonable scenario for the evolution of the current 
activity, it is clear that the eruption would only be in its initial phases. 
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Figure S1. Major element (wt.%) variation diagrams of Turrialba melt inclusions (mi), 
embayments (emb), and matrix glasses, grouped by their host mineral phase and their 
TiO2-trends. Olivine-hosted melt inclusions and embayments are corrected for post-
entrapment crystallization. Green circles: low-TiO2 olivine-hosted mi, yellow-green circle: 
low-TiO2 olivine-hosted emb, blue circles: high-TiO2 olivine-hosted mi, purple circles: 
high-TiO2 olivine-hosted emb, downward-pointing red triangles: clinopyroxene-hosted mi, 
upwards-pointing orange triangles: plagioclase-hosted mi, cyan-white diamonds: matrix 
glasses. The green field encompasses the low-TiO2 mi and emb, the purple field 
encircles the high-TiO2 mi and emb, illustrating that both groups differentiate along their 
own trends; a few individual outlying compositions are omitted from the fields. Shown for 
comparison are whole-rock data from Reagan et al. (2006), also forming a low-TiO2 
(pale green field with dashed line) and high-TiO2 (pale blue field with dashed line) trend. 
Black crosses are whole-rock data from the 1865 eruption of Reagan et al. (2006) and Di 
Piazza et al. (2015). Crossed yellow squares represent mi data from the neighbouring 
Irazú Volcano for comparison (data from Sadofsky et al., 2008, Wehrmann et al., 2011). 
(a) K2O and (b) total-alkali vs. SiO2 (TAS) diagrams as general major element 
classifications, (c) TiO2 vs. SiO2, illustrating the distinct trends of the low-TiO2 and high-
TiO2 mi groups, (d) MgO vs. SiO2, (e) P2O5 vs. SiO2, the inflection of the trend at ~58 
wt.% SiO2 indicates the onset of apatite fractionation, (f) CaO vs. SiO2. (g) TiO2/K2O vs. 
TiO2, illustrating the individual descent of each group from magmas influence by 
compositionally distinct seamounts subducting beneath Central Costa Rica. 
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Figure S 2.  Vertical time series of IRZU and VTCA GPS sites. The blue and red dots 
show the results of the daily solutions for the vertical components of IRZU and VTCA, 
respectively. The grey bar show the RMS error of the daily solution. The thick black lines 
show the results of a linear regression. The bootm left inset show the map of the two 
sites relative to Turrialba volcano. 
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Figure S 3. Examples of highly indurated hydrothermal breccia blocks erupted during 
the 29 – 30 October 2014 eruptions. Panels a and b show in-place breccias bombs 
deposited in the Central Crater of Turrialba.  The bombs are partially covered by ash 
erupted mostly during  March-May 2015. Panels c and d show photos of cut sections of 
the bombs. Breccias are clast to matrix supported, strongly cemented with hydrothermal 
silica ± clays ± sericite ± iron oxides  ± sulfates/pyrite/native sulfur.  Clasts range from 
rounded to angular, vesicular to blocky, with most vesicles within clasts partially to 
completely filled with secondary minerals.  Open vugs are occasionally present in the 
matrix material.  Some clasts display reaction rims, with bleached margins caused by 
interaction with acidic fluids. 
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Table S 1.  Sulfur isotope compositions of Turrialba gas plume. 

          

Sample ID Sample Date Type Outlet T (°C) 
SO2 + H2S 

δ34SV-CDT (‰) 

          

Turrialba 
    T2013.4.13b 13/04/2013 Plume sample with bubbler, 2012 vent 790 + 3.9 

T2013.4.13a 13/04/2013 Plume sample with bubbler, 2012 vent 790 + 4.2 

     T2013.6.19 19/06/2013 Plume sample with bubbler, 2010 vent 750 + 3.1 

T-2013.7.19 19/07/2013 Plume sample with bubbler, 2010 vent 400 + 3.4 

T2013.8.8-B12b 08/08/2013 Plume sample with bubbler, 2012 vent 550 + 2.7 

T2013.8.8-B12a 08/08/2013 Plume sample with bubbler, 2012 vent 550 + 3.2 

T2013.8.8 08/08/2013 Plume sample with bubbler, 2010 vent 590 + 3.0 

T2013.8.27 27/08/2013 Plume sample with bubbler, 2010 vent 600 + 3.1 

T2013.9.1 01/09/2013 Plume sample with bubbler,2012 vent 610 + 3.9 

T2013.10.27 27/10/2013 Plume sample with bubbler, 2010 vent 500 + 0.2 

     
Average plume 

   
+ 3.4 

std dev 
   

± 0.5 
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Table S2. (Separate file) Electron microprobe results of melt inclusions and matrix 
glasses from the 1864-1866 eruption, and matrix glass compositions from  fresh-looking 
clasts in the 29 October 2014 ashes. 

 

 

Table S 2.  Turrialba degassing model starting compositions. 

 

      

 
Model 1 Input Model 2 Input 

      

   H2O wt% 3 2.5 

CO2 ppm 200 200 

S ppm 2000 2000 

   SiO2 51.70 51.70 

TiO2 1.26 1.26 

Al2O3 16.58 16.58 

FeOt 10.49 10.49 

MnO 0.18 0.18 

MgO 5.34 5.34 

CaO 9.60 9.60 

Na2O 2.91 2.91 

K2O 1.41 1.41 

P2O5 0.53 0.53 

Total (vol free) 100.00 100.00 

    fO2 ΔQFM +1 +0.5 

T(°C) 1135 1135 

      

 

Data Set S1. Gas compositions as recorded by in situ Multi-GAS station from June 2014 
to May 2015. 

Data Set S2. Gas fluxes for the period between June 2014 and  May 2015.  SO2 fluxes 
were measured by scanning DOAS stations (NOVAC), and CO2 fluxes are estimated by 
the product of average SO2 flux and CO2/SO2 


